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Compensatory renal hypertrophy in young rats: Increase in the
number of nephrons. The number of glomeruli per kidney (NG)
was determined using Damadian's method in hypertrophic
kidneys removed 20 to 36 days after a contralateral nephrectomy
in young rats. This study was carried out in relation to the
age of the animals. When unilateral nephrectomy was performed
before the animals were 50 days old, the weight of the hyper-
trophic kidneys was approximately 30% greater than that of
controls. The NO was 47,360± SD 3,180 (N= 12), a number
significantly greater (P< 0.001) than that obtained in control
kidneys from rats of the same age (32,150± SD 4,550, N= 24).
In rats 100 to 270 days of age, a similar 30% increase in weight
occurred in the hypertrophic kidney, but the NO (34,102 SD
3,380, N= 12) was no different than that of control kidneys from
rats of the same age (NG= 35,360± SD 3,150, N= 14). It is
concluded that in rats younger than approximately two months,
compensatory renal hypertrophy is due to an increase in the
total number of nephrons, while in older rats it is due to enlarge-
ment of each preexistant nephron.
Hypertrophie rénale conpensatrice chez le jeune rat: Augmen-
tation du nombre de néphrons. A l'aide de Ia méthode de Dama-
dian, nous avons déterminé chez le rat le nombre de glomerules
(NG) contenus dans des reins hypertrophiés a Ia Suite d'une
néphrectomie contralatérale, effectuée 20 a 36 jours plus tot.
Dans cette étude, I'age des rats a été pris en consideration. Quand
Ia néphrectomie unilatérale est faite avant que les rats aient
50 jours, Ic poids des reins hypertrophies est supérieur de 30%
a celui des témoins. Le NO est de 47,360± sn 3,180 (N= 12),
chiffre significativement plus élevéc P< 0.001) que celui constaté
dans les reins témoins de rats de méme age. Chez les rats âgés
de 100 a 270 jours, on observe également une augmentation de
30% du poids des reins hypertrophiés, mais Ic NO (34,102± 50
3,380, N= 12), n'est pas different de celui des reins témoins de
rats du même age (NG= 35,360± so 3,150. JV= 14). On peut
ainsi conclure que, chez les rats âgés de moms de 2 mois environ,
l'hypertrophie rénale compensatrice est due a une augmentation
du nombre total de néphrons, alors que, lorsque les rats sont plus
vieux, elle est due a une augmentation de taille des néphrons
préexistants.
it is currently believed that there is no increase in the
number of nephrons in the hypertrophic kidney following
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contralateral nephrectomy [1]. Therefore, the functional
characteristics of these hypertrophic kidneys, particularly
the increase in glomerular filtration rate, are considered
compatible with functional modifications of preexistent
nephrons [2]. However, since the methods of enumeration
of glomeruli are difficult, the results are often uncertain.
Prior to 1925 results concerning this question were con-
flicting [3] and since then very limited data have been
obtained. Moreover, functional studies in animals with
compensatory renal hypertrophy have been performed
without taking into account the age of animals at the day
of the nephrectomy. The results of the present study suggest
that this factor can markedly affect the number of glomeruli
in a hypertrophic kidney.
In 1965 Damadian, Shawayri, and Bricker [4] described
a very simple method of determining the number of gb-
meruli contained in a kidney. in the present study this
technique was employed to determine the number of
glomeruli that were present in normal and hypertrophic
rat kidneys in relation to the age of the animals at the time
of nephrectomy. When a unilateral nephrectomy was per-
formed in 30 to 50 day old rats the remaining kidney
showed a significant increase in the number of glomeruli
when compared to control kidneys from rats of the same
age. In contrast, when nephrectomy was performed in rats
more than two months of age, no increase in the number of
glomeruli was found, although a definite increase in kidney
weight was observed.
Methods
The number of glomeruli per kidney (NG) was deter-
mined using the method described by Damadian, Shawayri
and Bricker [4]. The kidneys were excised, decapsulated
and weighed. They were then maccrated in a 50% HCI
solution at 37°C for 105 minutes. Each kidney was kept
in 250 ml of distilled water at 4°C for one day before
glomerular counts were performed. Individual vials, each
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containing one kidney, were gently agitated by hand to
obtain a homogeneous suspension of glomeruli and frag-
ments of tubules and vessels. One ml aliquots of the sus-
pension were immediately placed in a circular plexiglas
counting chamber 4 cm in diameter ii1 which a 2 mm grid
pattern was etched. The number of glomeruli present in
the cell was counted with the aid of a microscope at a
magnification of 40 x. Two aliquots of each suspension
were systematically counted. When the results did not
differ by more than 5 %, the mean value of the two counts
was used for subsequent calculations; otherwise, a third
aliquot was counted and the mean value of the three counts
was used. The total number of glomeruli contained in the
kidney was determined from each mean value.
In the present study, 118 kidneys from 67 female Wistar
rats were used. The kidney remaining after unilateral
nephrectomy is referred to as the "hypertrophic kidney"
and all other kidneys are designated as the "control ". In
each case, the weight of the kidney and the age and weight
of the rat on the day of nephrectomy were noted. The
glomerular counts were performed in such a way that the
investigator did not know either the weight of the kidney
or the type of kidney he was counting.
In the initial series of experiments the variation in the
number of glomeruli in relation to the age of the animal
was determined in normal kidneys. Eighty-five normal
kidneys were examined. Glomerular counts were carried
out in both kidneys of 26 normal rats and in the excised
kidney of 33 uninephrectomized rats. Next, the number of
glomeruli was determined in the remaining hypertrophic
kidney following unilateral nephrectomy in 37 rats belong-
ing to eight litters. At least two animals in each litter
underwent unilateral nephrectomy. The remaining hyper-
trophic kidney was removed 21 to 36 days later. Glomerular
counts were carried out on both kidneys. With the exception
of two litters (litters six and eight), glomerular counts were
also performed on both kidneys of litter mates taken on
the date of the original unilateral nephrectomy and on the
date of removal of the hypertrophic kidney (an additional
eight hypertrophic kidneys from other rats were also
included in this study).
Results
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In normal animals it was found that the right kidney was
slightly but significantly (P >0.05, paired t test) heavier
than the left. However, the number of glomeruli (NG) was
not significantly different (P < 0.30) in the two kidneys
(right, 30,622; left, 30,011). Consequently, the side from
which the kidney was obtained was not taken into con-
sideration in this study.
In Fig. 1 the NG in control kidneys is plotted against
the age of the rats. It appears that the NG increases mark-
edly with age until 100 days and that it then remains
fairly constant. Mean values were 25,270 SD 2,500 (N= 6)
for 15 to 20 day old rats and 32,150± SD 4,550(N= 24) for
60 to 80 day old rats. A significant positive correlation
between the weight of the control kidney and the NG was
found in our animals and it is illustrated in Fig. 2(y = 16.88x
+ 21.107, N=81, r=0.694).
The results of the glomerular counts on the "hyper-
trophic" kidneys are summarized in Table 1 and Figs. 3
and 4. Data for "control" and "hypertrophic" kidneys
are given separately for each litter in Table 1. It is apparent
that the NG in hypertrophic kidneys was significantly
greater than in control kidneys when unilateral nephrec-
tomy was performed in 30 to 50 day old rats. In contrast,
when unilateral nephrectomy was performed in older rats
x
I
50
40
30
20
S
S
.
$
S S$
10 20 50 100 200 500
Days
Fig. 1. Relation of the number of glomeruli in control kidneys
to the age of the rat.
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Fig. 2. Relation of the number of glomeruli in control animals
to kidney weight.
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(more than 55 days old), an increase in the NG in the
remaining hypertrophic kidney was not apparent. In litter
number six where the unilateral nephrectomies were
performed at 51 days, the results were conflicting, since
one of the hypertrophic kidneys contained 28,000 glomeruli,
while the second contained 41,000 glomeruli.
Table 1. Kidney weight and number of glomeruli in control and
hypertrophic kidneys in 8 litters.
Table 1 (continued)
Litter
No.
Rat
No.
Control
KW, g NG
Control
KW, g NG
Hypertrophy
KW, g NG
Age: 57 Age: 78 Age: 78
I R 0.795 31,000 L 1.094 31,750
2 R 0.845 31,500 L 1.143 32,000
7 3 R
4 R
4 L
0.748 27,750
0.689 33,000
0.635 35,500
L 0.993 31,250
8
1 L
2 L
3 L
4 L
Age: 234
1.059 37,750
0.955 38,250
0.860 37,000
0.986 36,000
Age: 270
R 1.336 30,750
R 1.365 34,000
R 1.142 29,200
R 1.226 37,000
Litter
No.
Rat
No.
Control
KW, g NG
Control
KW, g NG
Hypertrophy
KW, g NG
Age: 31 Age: 63 Age: 63
1 R 0.235 25,300
1 L 0.283 26,300
1 2R
2 L
3 L
4 L
0.291 25,800
0.305 26,700
0.504 30,500
0.482 35,750
R 0.734 46,250
R 0.700 46,000
1 R
I L
Age: 31
0.246 27,900
0.24z 24,800
Age: 63 Age: 61
2 2 R
2 L
3 R
3 L
4 L
5 L
0.278 30,500
0.314 32,800
0.504 34,500
0.571 32.000
0.551 37,500
0.481 37,250
R 0.782 43,500
R 0.793 51,250
1 R
I L
Age: 31
0.290 26,750
0.270 26,000
Age: 63 Age: 63
3 2 R
2 L
3 R
3 L
4L
5 L
0.321 31,800
0.289 25,400
0.474 32,600
0.491 32,800
0.395 26,800
0.388 27,600
R0.720 49,000
R 0.650 41,600
I R
1 L
2 R
2L
Age: 43
0.485 25,650
0.491 25,000
0.545 27,800
0.549 23,600
Age: 72 Age: 72
4 3 L
4 L
5 R
5 L
6 R
6 L
0.432 25,400
0.520 26,000
0.892 37,250
0.817 32,250
0.789 38,750
0.770 40,750
R 1.388 49,500
R 1.267 52,000
1 L
2 L
Age:48
0.590 34,000
0.545 32,500
Age:78 Age:78
R 1.064 47,750
R 0.940 49,500
5 3 L
4 L
5 L
5 R
0.602 37,500
0.535 31,200
0.708 32,300
0.689 34,300
R 1.060 48,000
R 0.949 44,000
6
IL
2 L
3 L
4 L
Age:51
0.523 31,250
0.544 25,000
0.524 28,000
0.550 26,500
Age:81
R0.870 41,000
R 0.83 1 28,000
R= right kidney; L= left kidney. The age of the rats on the
date of the removal of control and hypertrophic kidneys is
given for each litter.
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Fig. 3. Relation of the number of glomeruli in control (closed
circles) and hypertrophic (open circles) kidneys to the age of rats
jbr animals 60 to 80 days of age. Contralateral nephrectomy was
performed before the animals were 50 days of age.
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Fig. 3 illustrates the highly significant difference (P
<0.001, paired t test) between the NO in control versus 50
hypertrophic kidneys of 60 to 80 day old rats in which the
unilateral nephrectomies were performed before the age of 9
x50 days (control, 32,150 SD 4,550, N= 24; hypertrophic, 4047,360± SD 3,180, N= 12). In contrast, it can be seen in
Fig. 4 that there was no difference in the NO between E
control and hypertrophic kidneys of 100 to 270 day old
C.-rats in which unilateral nephrectomies were performed 30
after the age of 55 days (control, 35,360 SD 3,150, N= 14;
hypertrophy, 34,102± SD 3,380, N= 12). E
The NG in control and hypertrophic kidneys of 60 to Z
100 day old rats (unilateral nephrectomy performed before 400 600 800 1000 1200 140055 days) and in 110 to 270 day old rats (unilateral nephrec-
Kidney weight, mgtomy performed after 55 days) are plotted against the
kidney weight in Figs. S and 6. It can be seen that with Fig. 5. Relation of the number of glomeruli to kidney weight in
early nephrectomy the kidney weight as well as the NG control (closed circles) and hypertrophic (open circles) kidneys
was approximately 30 % higher in the hypertrophic than in animals 60 to 100 days of age. Contralateral nephrectomy
was performed before the animals were 55 days of age.in the control kidneys (control, weight = 0.634 SD0.143 g,
NG = 32,150± SD 4,550, N= 24; hypertrophy, weight
= 0.935 SD 0.205, NO = 46,400 SD 5,830, N= 17). Thus,
it appears that in this case the increase in the number of
!q)
nephrons probably accounted for the major part of the I9 40
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• Fig. 6. Relation of the number of glomeruli to kidney weight in
SI- • control (closed circles) and hypertrophic (open triangles) kidneys
E in animals 110 to 270 days of age. Contralateral nephrectomyC
- p was performed after 55 days of age.
C.-. •C
I-.
• increased weight of hypertrophic kidneys. In the 110 to
S 270 day old rats, although the weight of the hypertrophic
Z 30 - • kidneys was also 30% greater than that of the controls,
there was no difference between the NG in control and
hypertrophic kidneys (control, weight = 0.859 SD 0.130 g,
- NG= 35,360± SD 3,150, N= 14; hypertrophic, weight
- 1.142± SD 0.123, NG= 34,102± SD 3,380, N— 12).
Therefore, in the latter group of rats the increase in kidney
-
weight was probably due to hypertrophy of preexistent
I I I I I I I I i neilirons.
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Days DISCUSSIOn
We believe that the Damadian method is a simple andFig. 4. Relation of the number of glomeruli in control (closed
circles) and hypertrophic (open triangles) kidneys to the age of rats convenient way to count kidney glomeruli. After maceration
in animals 100 to 270 days of age. Contralateral nephrectomy of the kidney the glomeruli are easily recognizable in the
was performed after 55 days of age. tissue suspension (Fig. 7). Each glomerular count requires
Fig. 7. Photograph of kidney suspension,
magnification x 40
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no more than 30 minutes. The variation between the number
of glomeruli in two separate aliquots of the same kidney
suspension was, in the present experiments, nearly always
less than 5 %, attesting to the reproducibility of this method.
Furthermore, the reproducibility of the method was
checked in a previous study (unpublished data of the
authors) as follows. Twelve suspensions of kidney tissue
were prepared as already described and four samples of
each suspension were counted. The mean value and stan-
dard deviation of the glomerular counts were determined
for each suspension. The mean value of these standard
deviations (expressed as percentage of the mean) for all
suspensions was 5.4 %. The effect of broken and altered
glomeruli on total glomerular counts was also evaluated
using the same suspensions. When the volume of the altered
glomerulus was estimated to be equal to or greater than
50 % of the total volume of an unaltered glomerulus, the
fragment was counted as a "doubtful glomerulus" but
included in the total count. Smaller glomerular fragments
were counted separately. When expressed as a percentage
of the total count, the larger broken glomeruli represented
1.9 % of the total count. The smaller fragments not included
in the final glomerular count were equal to 1.7 % of the
total glomerular count.
Other methods used to enumerate glomeruli are based on
histological techniques. They require separation of the cor-
tex from the medulla before glomerular counts can be
performed on the cortical fragments [5], or before the
total number of glomeruli can be counted on serial histo-
logical sections as described by Kittelson [61 and Arataki
[7]. Although the older method allowed Arataki to per-
form a very important study on post-natal kidney growth
and compensatory renal hypertrophy, the excessive time
required to perform glomerular counts on each kidney is a
great disadvantage when studying large groups of animals.
This problem is further emphasized by the fact that to our
knowledge, in the two studies that have been published
since the original work of Arataki, glomerular counts were
performed in a total of only six hypertrophic kidneys [3, 8].
Our results in control kidneys indicate that the total
number of glomeruli per kidney increases from approxi-
mately 20,000 to 25,000 at 20 days of age to 30,000 to
40,000 at 100 days of age. Thereafter the total number of
glomeruli appear to remain constant with age. These
results are similar to those of Kittelson [6] and Arataki [7].
These workers demonstrated in 17 female rats that the NG
was approximately 24,000 at 20 days of age and 29,000
at 100 days of age. Since the kidney weight increases from
200 to 800 mg during the 20 to 100 day period it can be
concluded that enlargement of pre-existing nephrons is the
major factor accounting for postnatal weight gain in the
kidney.
Recently Horster and Lewy [9] investigated the influ-
ence of maturation on GFR and renal plasma flow in rats
between one and 18 days of age. They observed an increase
in PAH extraction during the first three weeks of life. They
concluded that the gradual increase in the extraction ratio
for PAH may be related to an increase in the number of
nephrons and proximal tubular mass. Although this work
was performed in rats younger than those used in our
study, the results are in agreement with our findings in
slightly older rats.
Our study also demonstrates that the NG increases in
hypertrophic kidneys if the contralateral nephrectomy is
performed before the rat is more than 50 to 55 days of age.
The 30 % increase in kidney weight could be accounted for
by the increase in the total number of glomeruli, which in
turn reflects an increase in total nephrons. In contrast,
when the unilateral nephrectomy was performed after the
rats were more than 55 days of age, the 30 % increase in
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kidney weight was not accompanied by an increase in the
NG, thus indicating that the increase in kidney weight
probably resulted from the enlargement of pre-existing
nephrons. It is of particular interest to note that the hyper-
trophic kidneys were unable to increase the total number
of nephrons when unilateral nephrectomy was perfomed at
an age when neogenesis of nephrons has ceased in the
normal developing rat kidney.
Studies of renal hypertrophy before 1926 have been ex-
tensively reviewed by Jackson and Shiels [3]. Only one study
was reported in which the NG of hypertrophic kidneys was
determined in young rats [10]. It was concluded that an
increase in the number of glomeruli did not occur. Variable
results were obtained in other studies of compensatory renal
hypertrophy in dogs and rabbits; some investigators ob-
served an increase in NG while others observed none. In
1926 Arataki reported no difference between the NG in 14
hypertrophic kidneys when compared to those in control
kidneys (11]. Similar results were obtained in a single rat by
Jackson and Shiels [3] and in five rats by Moore [8]. How-
ever, it should be noted in the latter study that the NG of
control adult rats (20,000) was markedly lower than that
found by us as well as by Arataki [7,11].
Hayslett, Kashgarian, and Epstein [2] studied the func-
tional changes in individual nephrons of hypertrophic kid-
neys following unilateral nephrectomy. They observed an
increase in both single nephron and whole kidney gomeru-
lar filtration rate, thus providing at least indirect evidence
against the neogenesis of nephrons in hypertrophic kidneys.
However, the study was conducted in rats weighing from
200 to 450 g. Although the age of the animals was not given,
it is probable that most of them were more than 60 days
old, in which case their results would support our findings
in adult rats.
In the rat, neogenesis of nephrons has been described
up to four weeks of age [12]. Arataki noted that immature
glomeruli were easily recognized in the rat kidney from birth
up to 20 days. He concluded that "the increase in the
number of glomeruli between birth and 100 days is due to
the new formation of glomeruli and the maturing of the
glomeruli present at the earlier age, but not then fully
formed and so not counted" [7]. He also stated that
there was probably a rapid formation of glomeruli up to
the third week of life which was followed by a much
longer period of slow formation and development. In his
study, only fully formed glomeruli were considered. Al-
though this point must be kept in mind when glomerular
counts obtained by histological methods are compared
with those obtained with Damadian's method, it is, in fact,
quite possible that with the latter method only well devel-
oped glomeruli are able to resist maceration in HC1. Thus,
the same glomerular population may actually be counted
with the two methods.
Although it is quite evident that an increase in mature
nephrons occurs in the hypertrophic kidney of very young
rats (30 to 50 days of age) it is not at all clear whether the
increase is due to neogenesis or to an increased maturation
of pre-existing immature glomeruli. However, the important
point is that hypertrophy results in an increase in the total
number of glomeruli per kidney when compared to kidneys of
normal adult rats. We believe it is unlikely that the observed
increase in NG is due only to simple acceleration of the
normal maturation of glomeruli. It is of interest that the
ability to increase the NG of the remaining kidney after
unilateral nephrectomy was lost in rats older than two
months even though there was a comparable increase in
kidney weight. In any case, whatever mechanism is respon-
sible for the increase in NG during renal hypertrophy in
young rats, it remains evident that the pattern of this hyper-
trophy is different between young and adult rats. Whether,
after unilateral nephrectomy, the remaining kidney responds
differently to the same stimulus (or stimuli) in relation to
the age of the rat, or different stimuli act in the two cases,
is not known.
Reprint requests to Dr. J. P. Bonvalet, I.N.S.E.R.M., Hópital
L. Bernard, 94—Limeil-Brevannes, France.
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